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I. INTRODUCTION
In addition to establishing the Dirac or Majorana nature of neutrinos, the observation of (ββ) 0ν decay is a convenient tool to test the lepton number conservation, possible hierarchies in the neutrino mass spectrum, the origin of neutrino mass and CP violation in the leptonic sector. Further, it can also ascertain the role of various gauge models associated with all possible mechanisms, namely the exchange of light neutrinos, heavy neutrinos, the right handed currents in the left-right symmetric model (LRSM), the exchange of sleptons, neutralinos, squarks and gluinos in the R p -violating minimal super symmetric standard model, the exchange of leptoquarks, existence of heavy sterile neutrinos, compositeness, extradimensional scenarios and Majoron models, allowing the occurrence of (ββ) 0ν decay. Stringent limits on the associated parameters have already been extracted from the observed experimental limits on the half-life of (β − β − ) 0ν decay [1] and presently, all the experimental attempts are directed for its observation. The experimental and theoretical studies devoted to (ββ) 0ν decay over the past decades have been recently reviewed by Avignone et al. [2] and references there in.
Presently, there is an increased interest to calculate reliable NTMEs for (β − β − ) 0ν decay due to the exchange of heavy Majorana neutrinos, in order to ascertain the dominant mechanism contributing to it [3, 4] . The lepton number violating (β − β − ) 0ν decay has been studied by Vergados by taking a Lagrangian consisting of lefthanded as well as right-handed leptonic currents [5] . In the QRPA, the (β − β − ) 0ν decay due to the exchange of heavy Majorana neutrinos has been studied by Tomoda [6] . The decay rate of (β − β − ) 0ν mode in the LRSM has been derived by Doi and Kotani [7] . Hirsch et al. [8] have calculated all the required nuclear transition matrix elements (NTMEs) in the QRPA and limits on the effective light neutrino mass m ν , heavy neutrino mass M N , right handed heavy neutrino M R , λ , η and mixing angle tanξ have been obtained. The heavy neutrino mechanism has also been studied in the QRPA without [9] and with pn-pairing [10] . In the heavy Majorana neutrino mass mechanism,Šimkovic et al. [11] have studied the role of induced weak magnetism and pseudoscalar terms and it was found that they are quite important in 48 Ca nucleus. The importance of the same induced currents in both light and heavy Majorana neutrino exchange mechanism has also been studied using the pn-RQRPA [12] as well as SRQRPA [3] .
In spite of the remarkable success of the large scale shell model (LSSM) calculations of Strassbourg-Madrid group [13] , there is a necessity of large configuration mixing to reproduce the structural complexity of medium and heavy mass nuclei. On the other hand, the QRPA and its extensions have emerged as successful models by including a large number of basis states and in correlating the single-β GT strengths and half-lives of (β − β − ) 2ν decay in addition to explaining the observed suppression of M 2ν [14, 15] . In the mass region 90 ≤ A ≤ 150, there is a subtle interplay of pairing and quadrupolar correlations and their effects on the NTMEs of (β − β − ) 0ν decay have been studied in the interacting shell model (ISM) [16, 17] , deformed QRPA model [18] [19] [20] [21] , and projectedHartree-Fock-Bogoliubov (PHFB) model [22, 23] .
The possibility to constrain the values of the gauge parameters using the measured lower limits on the (β − β − ) 0ν decay half-lives relies heavily on the model dependent NTMEs. Different predictions are obtained by employing different nuclear models, and within a given model, varying the model space, single particle energies (SPEs) and effective two-body interaction. In addition, a number of issues regarding the structure of NTMEs, namely the effect of pseudoscalar and weak magnetism terms on the Fermi, Gamow-Teller and tensorial NTMEs [24, 25] , the role of finite size of nucleons (FNS) as well as short range correlations (SRC) vis-a-vis the radial evolution of NTMEs [16, [26] [27] [28] and the value of the axialvector coupling constant g A are also the sources of uncertainties and remain to be investigated.
It was observed by Vogel [29] that in case of well studied 76 Ge, the calculated decay rates T 0ν 1/2 differ by a factor of 6-7 and consequently, the uncertainty in the effective neutrino mass m ν is about 2 to 3. Thus, the spread between the calculated NTMEs can be used as the measure of the theoretical uncertainty. In case the (ββ) 0ν decay of different nuclei will be observed, Bilenky and Grifols [30] [26] and self-consistent coupled cluster method (CCM) [27] .
The PHFB model has the advantage of treating the pairing and deformation degrees of freedom on equal footing and projecting out states with good angular momentum. However, the single β decay rates and the distribution of GT strength, which require the structure of the intermediate odd Z-odd N nuclei, can not be studied in the present version of the PHFB model. In spite of this limitation, the PHFB model in conjunction with pairing plus quadrupole-quadrupole (PQQ ) [34] has been successfully applied to reproduce the lowest yrast states, electromagnetic properties of the parent and daughter nuclei, and the measured (β − β − ) 2ν decay rates [35, 36] . In the PHFB formalism, the existence of an inverse correlation between the quadrupole deformation and the size of NTMEs M 2ν , M (0ν) and M (0ν) N has been observed [22, 23] . Further, it has been noticed that the NTMEs are usually large for a pair of spherical nuclei, almost constant for small deformation, suppressed depending on the difference in the deformation ∆β 2 of parent and daughter nuclei and having a well defined maximum when ∆β 2 = 0 [22, 23] .
In Ref. [37] , a statistical analysis was performed for extracting uncertainties in eight (twelve) NTMEs for (β − β − ) 0ν decay due to the exchange of light Majorana neutrino, calculated in the PHFB model with four different parameterizations of pairing plus multipolar type of effective two-body interaction [23] and two (three) different parametrization of Jastrow type of SRC [27] . In confirmation with the observation made byŠimkovic et al. [27] , it was noticed that the Miller-Spenser type of parametrization is a major source of uncertainty and its exclusion reduces the uncertainties from 10%-15% to 4%-14%. Presently, the same procedure has been adopted to estimate the theoretical uncertainties associated with the NTMEs M (0ν) N for (β − β − ) 0ν decay due to the exchange of heavy Majorana neutrino. In Sec. II, a brief discussion of the theoretical formalism is presented. The results for different parameterizations of the two-body interaction and SRC vis-a-vis radial evolution of NTMEs are discussed in Sec III. In the same section, the averages as well as standard deviations are calculated for estimating the theoretical uncertainties. Finally, the conclusions are given in Sec. IV.
II. THEORETICAL FORMALISM
In the charged current weak processes, the currentcurrent interaction under the assumption of zero mass neutrinos leads to terms which, except for vector and axial vector parts, are proportional to the lepton mass squared, and hence negligible. However, it has been reported byŠimkovic et al. [24, 25] that the contribution of the pseudoscalar term is equivalent to a modification of the axial vector current due to PCAC and greater than the vector current. The contributions of pseudoscalar and weak magnetism terms in the mass mechanism can change M (0ν) upto 30% and the change in M (0ν) N is considerably larger. In the shell-model [16, 38] , IBM [39] and GCM+PNAMP [40] , the contributions of these pseudoscalar and weak magnetism terms to M (0ν) have been also investigated. However, it has been reported by Suhonen and Civitarese [41] that these contributions are relatively small and can be safely neglected. Therefore, the investigation of this issue is of definite interest and is reported in the present work.
In the two nucleon mechanism, the half-life T 0ν 1/2 for the 0 + → 0 + transition of (β − β − ) 0ν decay due to the exchange of heavy Majorana neutrino between nucleons having finite size is given by [6, 7] T 0ν 1/2 0 + → 0
where m p is the proton mass and
and in the closure approximation, the NTMEs M 
where
with
The exchange of heavy Majorana neutrinos gives rise to short ranged neutrino potentials, which with the consideration of FNS are given by
where f αh (qr nm ) = j 0 (qr nm ) for α = F as well as GT and f T h (qr nm ) = j 2 (qr nm ).
Further, the h F (q), h GT (q) and h T (q) are written as
where the form factors are given by
with g V = 1.0, g A = 1.254, κ = µ p − µ n = 3.70, Λ V = 0.850 GeV, Λ A = 1.086 GeV and m π is the pion mass. Substituting Eq. (5)-Eq. (11) in Eq. (3), there is one term, associated with h F , Eq. (9), contributing to M F h , while M GT h has four terms, denoted by M GT −AA , M GT −AP , M GT −P P and M GT −MM , which correspond to the four terms in h GT , Eq. (10). The tensor contribution, M T h , has three terms, denoted by M T −AP , M T −P P and M T −MM , which correspond to the three terms in h T , Eq. (11) . Their contributions to the total nuclear matrix element are discussed in Sec. III.
The short range correlations (SRC) arise mainly from the repulsive nucleon-nucleon potential due to the exchange of ρ and ω mesons and have been incorporated by using effective transition operator [42] , the exchange of ω-meson [43] , UCOM [26, 44] and the self-consistent CCM [27] . The SRC can also be incorporated phenomenologically by Jastrow type of correlations with Miller-Spenser parametrization [45] . Further, it has been shown in the self-consistent CMM [27] that the SRC effects of Argonne and CD-Bonn two nucleon potentials are weak and it is possible to parametrize them by Jastrow type of correlations within a few percent accuracy. Explicitly,
where a = 1.1, 1.59 and 1.52 f m due to FNS+SRC1 and FNS+SRC3 are at r ≈ 0.6 fm and r ≈ 0.5 fm, respectively. The shapes of these functions have definite influence on the radial evolution of NTMEs M (0ν) N for (β − β − ) 0ν decay due to the exchange of heavy Majorana neutrino as discussed in Sec. III.
The calculation of M (0ν) N in the PHFB model has been discussed in our earlier work [22, 37] 
and the expressions for calculating n J , n (Z,N ),(Z+2,N −2) (θ), f Z,N and F Z,N (θ) are given in Refs. [22, 37] .
The calculation of matrices f Z,N and F Z,N (θ) requires the amplitudes (u im , v im ) and expansion coefficients C ij,m , which specify the axially symmetric HFB intrinsic state |Φ 0 with K = 0. Presently, they are obtained by carrying out the HFB calculations through the minimization of the expectation value of the effective Hamiltonian given by [23] 
where H sp , V (P ), V (QQ) and V (HH) denote the single particle Hamiltonian, the pairing, quadrupolequadrupole and hexadecapole-hexadecapole part of the effective two-body interaction, respectively. The HH part of the effective interaction V (HH) is written as [23] 
with χ 4 = 0.2442 χ 2 A −2/3 b −4 for T = 1, and twice of this value for T = 0 case, following Bohr and Mottelson [46] . In Refs. [22, 35, 36] , the strengths of the like particle components χ pp and χ nn of the QQ interaction were kept fixed. The strength of proton-neutron (pn) component χ pn was varied so as to reproduce the ex- . This is denoted as P QQ1 parametrization. Alternatively, one can employ a different parametrization of the χ 2pn , namely P QQ2 by taking χ 2pp = χ 2nn = χ 2pn /2 and the ex-citation energy E 2 + can be reproduced by varying the χ 2pp . Adding the HH part of the two-body interaction to P QQ1 and P QQ2 and by repeating the calculations, two more parameterizations of the effective two-body interactions, namely P QQHH1 and P QQHH2 were obtained [37] .
The four different parameterizations of the effective pairing plus multipolar correlations provide us four different sets of wave functions. With three different parameterizations of Jastrow type of SRC and four sets of wave functions, sets of twelve NTMEs M 
and
III. RESULTS AND DISCUSSIONS
The model space, SPE's, parameters of P QQ type of effective two-body interactions and the method to fix them have already been given in Refs. [22, 35, 36] . It turns out that with P QQ1 and P QQ2 parameterizations, the experimental excitation energies of the 2 + state E 2 + [47] can be reproduced within about 2% accuracy. The electromagnetic properties, namely reduced B(E2:0 + → 2 + ) transition probabilities, deformation parameters β 2 , static quadrupole moments Q(2 + ) and gyromagnetic factors g(2 + ) are in overall agreement with the experimental data [48, 49] .
A. Short range correlations and radial evolutions of NTMEs
In the approximation of finite size of nucleons with dipole form factor (F) and finite size plus SRC (F+S), the theoretically calculated twelve NTMEs M (0ν) N using the four sets of HFB wave functions generated with P QQ1, P QQHH1, P QQ2 and P QQHH2 parameterizations of the effective two-body interaction and three different parameterizations of Table I .
To analyze the role of different components of NTME M (i) The contribution of conventional Fermi matrix elements M F h = M F −V V is about 20% to the total matrix element.
(ii) The Gamow-Teller matrix element is noticeably modified by the inclusion of the pseudoscalar and weak magnetism terms in the hadronic currents. While M GT −P P increases the absolute value of M GT −AA , M GT −AP has a significant contribution with opposite sign in all cases. The term M GT −MM is smaller than others, and the introduction of short range correlations changes its sign.
(iii) The tensor matrix elements have a very small contribution, smaller than 2%, to the total transition matrix elements.
(iv) The inclusion of short range correlations changes the nuclear matrix elements significantly, whose effects are large for the Gamow-Teller and Fermi matrix elements but small in the case of tensor ones.
(v) The Miller-Spencer parameterization of the short range correlations, SRC1, cancels out a large part of the radial function H N , as shown in Fig. 1 . The same cancellation reduces the calculated matrix elements to about one third of its original value. The other two parameterizations of the short range correlations, namely SRC2 and SRC3, have a sizable effect, which is in all cases much smaller than SRC1.
With respect to the point nucleon case. the change in M (0ν) N is about 30%-34% due to the FNS. With the inclusion of effects due to FNS and SRC, the NTMEs change by about 75%-79%, 58%-62% and 43%-47% for F+SRC1, F+SRC2 and F+SRC3, respectively. It is noteworthy that the SRC3 has practically negligible effect on the finite size case. Further, the maximum variation in M (0ν) N due to P QQHH1, P QQ2 and P QQHH2 parametrization with respect to PQQ1 interaction are about 24%, 18% and 26% respectively.
In the QRPA [26, 27] , ISM [16] and PHFB [28, 37] , the radial evolution of M (0ν) due to the exchange of light Majorana neutrino has already been studied. In both QRPA and ISM calculations, it has been established that the contributions of decaying pairs coupled to J = 0 and decay of 100 Mo isotope.
J > 0 almost cancel beyond r ≈3 fm and the magnitude of C (0ν) for all nuclei undergoing (β − β − ) 0ν decay have their maximum at about the internucleon distance r ≈1 fm. These observations were also made in the PHFB model [28, 37] . Similarly, the radial evolution of M (0ν) N can be studied by defining
The radial evolution of M (0ν) N has been studied for four cases, namely F, F+SRC1, F+SRC2 and F+SRC3. To make the effects of finite size and SRC more transparent, we plot them for 100 Mo in Fig. 2 . In case of finite sized nucleons, the C (0ν) N are peaked at r ≈0.5 fm and with the addition of SRC1 and SRC2, the peak shifts to about 0.8 fm. However, the position of peak is shifted to 0.7 fm for SRC3. In Fig. 3 Nd and the same observations remain valid. Also, the same features in the radial distribution of C (0ν) N are noticed in the cases of P QQ2, P QQHH1 and P QQHH2 parametrizations.
B. Uncertainties in NTMEs
The uncertainties associated with the NTMEs M (0ν) N for (β − β − ) 0ν decay are estimated by preforming a statistical analysis by using Eqs. (17) and (18) . In Table I It turns out that in all cases, the uncertainties ∆M (0ν) are about 35% for g A = 1.254 and g A = 1.0. Further, we estimate the uncertainties for eight NTMEs M (0ν) N calculated using the SRC2, and SRC3 parameterizations and the uncertainties in NTMEs reduce to about 16% to 20% with the exclusion of Miller-Spenser type of parametrization. In Table IV , average NTMEs for case II along with NTMEs calculated in other models have been presented. It is noteworthy that in the models employed in Refs. [6, 8, 9] , effects due to higher order currents have not been included. We also extract lower limits on the effective mass of heavy Majorana neutrino M N from the largest observed limits on half-lives T 
IV. CONCLUSIONS
We have employed the PHFB model, with four different parameterizations of pairing plus multipole effective two body interaction, to generate sets of four HFB intrinsic wave functions, which reasonably reproduced the observed spectroscopic properties, namely the yrast spectra, reduced B(E2:0 + → 2 + ) transition probabilities, static quadrupole moments Q(2 + ) and g-factors g(2 + ) of participating nuclei in (β − β − ) 2ν decay, as well as their M 2ν [35, 36] The study of effects due to finite size of nucleons and SRC reveal that in the case of heavy Majorana neutrino exchange, the NTMEs change by about 30%-34% due to finite size of nucleons and the SRC1, SRC2 and SRC3 change them by 75%-79%, 58%-62% and 43%-47%, respectively. Further, it has been noticed through the study of radial evolution of NTMEs that the FNS and SRC play a more crucial role in the heavy than in the light Majorana neutrino exchange mechanism. Finally, a statistical analysis has been performed by employing the sets of twelve NTMEs M 
